The engine/airframe interaction effects of the BWB300 on aerodynamic performances were analyzed by using the numerical simulation method. The BWB300 is a 300-seat Blended Wing Body airplane designed by the Airplane Concept Design Institute of Northwestern Polytechnical University. The engine model used for simulation was simplified as a powered nacelle. The results indicated the following: at high speed, although the engine/airframe interaction effects on the aerodynamic forces were not significant, the airframe's upper surface flow was greatly changed; at low speed, the airframe's aerodynamic forces (of the airplane with/without the engine) were greatly different, especially at high attack angles, i.e., the effect of the engine suction caused the engine configuration aerodynamic forces of the airframe to be bigger than those without the engine; and the engine's installation resulting in the different development of flow separation at the airframe's upper surface caused greater obvious differences between the 2 configurations at high angles and low speed. Moreover, at low-speed high attack angles, the separated flow from the blended area caused serious distortion at the fan inlet of the engine.
Introduction
As air travel has grown over the years [1] so have concerns about both the exhaustion of fossil fuels and their contribution to climate change; therefore, there is now a need for more fuel-efficient aircraft for both economic and environmental reasons [2] . To achieve this goal, the Blended Wing Body (BWB), as an innovative concept [3] , has received much attention for its high lift-to-drag ratio, low fuel cost, and low noise [4, 5] . The BWB is an airplane with the wing blended to the body while still maintaining distinct wing and body structures [6] . It represents a potential revolution in subsonic transport efficiency for large airplanes [7] .
The propulsion airframe integration design also plays a very important role in the good aerodynamic performance of the BWB [8, 9] . For such integration design, the engine/airframe interaction effects on aerodynamic performances should first be known. The engine/airframe interaction effects are mainly determined by how the engine is installed.
The engine in conventional transport is often located beneath and ahead of the wing [10] [11] [12] , but the engine installation on the BWB is often located over the wing and after the body [13, 14] . This arrangement helps to offset the weight of the payload, furnishing, and other systems, thus ensuring a balanced airplane [15] . The engine mounting over the wing and after the body could be podded on a pylon or embedded in a boundary layer ingesting (BLI) arrangement [16] [17] [18] [19] . In principle, the BLI arrangement can improve the propulsive efficiency by reducing ram drag. However, this assumes that an inlet can be designed that provides proper pressure recovery and uniform flow at the fan face of the engine [20] . Moreover, its pressure recovery is less than that of podded engines, which will lead to lower thrust [21] . The engine being podded on a pylon is traditional and involves little technical risk.
The Airplane Concept Design Institute of Northwestern Polytechnical University located in Xi'an, China, is now designing a 300-seat Blended Wing Body-the BWB300. The main design parameters of the BWB300 are as follows: Its propulsion system consists of 2 high-bypass ratio turbofan engines. We used the GEnx-1B64 engine. This engine is podded on a pylon to reduce the technical risk and enable the aircraft to rapidly enter the market. The BWB300 model is shown in Figure 1 .
We used the numerical simulation method to analyze the engine/airframe interaction effects of the BWB300 on aerodynamic performance. The flow of the real engine is very complex, and therefore, we first had to simplify the engine model.
Engine Model Simplification
Since the aim of this paper was to analyze the engine/airframe interaction effects, we did not need to focus on the flow inside the engine. The interaction effects come from the shape of the nacelle and pylon and the inflow and outflow of the engine. Therefore, the engine model was simplified as shown in Figure 2 ; the outer part of the diagram shows the shape of the nacelle, and the performance of the inflow and outflow is determined by the fan inlet, fan exit, and core exit boundary conditions. This simplified model could be called a powered nacelle.
Hirose et al. [22, 23] simplified engines as illustrated above. They used the NAL-AERO-02-01 turbine-powered simulator (TPS) test model (as shown in Figure 3 ), which came from the National Aerospace Laboratory of Japan, to conduct numerical simulations. The numerical results matched well with the TPS test results. The control equations he used were Euler equations. However, in this paper, we used steady compressible 3-D Reynolds-Averaged NavierStokes (RANS) equations to simulate the engine installation effects. Therefore, the RANS equations were applied to reanalyze the model Hirose et al. used to see if our results would match those of the TPS test.
The detailed information of the RANS equations can be found in reference [24] . The RANS equations were discretized by the finite volume method, and the spatial discretization scheme was the second-order upwind Roe scheme. The turbulence model used was Menter's k-omega shear stress transport model [25] and the time stepping method was the implicit approximate factorization method. The wall functions were not used. The molecular viscosity was computed using Sutherland's law. The no-slip adiabatic wall boundary conditions were used on all solid surfaces (fan cowl, core cowl, spinner, and core spinner), and a characteristic-based boundary condition was used on the far field. The fan and core exit boundary conditions were the mass flow rate and stagnation temperature inflows, set with values for mass flux (i.e., mass flow ratio (MFR)) and total temperature (i.e., total temperature ratio). The fan inlet boundary condition was mass flow rate outflow, set with a mass flux balance with the fan and core flow.
The grid used for computational fluid dynamics (CFD) calculations was a multiblock O-H structure grid, and the number of volume grids was about 3 million. The grids were made with a y + value of approximately 1 for the 0.80 Ma condition. The far field boundary was located 10 body lengths from the configuration. Figure 4 shows the model's symmetry surface grid.
Two main criteria were used to monitor and determine the solution convergence. First, a drop in residual of at least three orders of magnitude was required. Second, the convergence of lift, drag, and moment coefficient was considered achieved when the maximum variation of the coefficient over 1000 iterations was less than 0.2% of the average coefficient value computed over the same range of iterations.
The computational states and parameters are shown in Table 1 . In the table, Ma is the free stream Mach number. MFR is the mass flow ratio, BPR is the bypass ratio, α is the angle of attack, T 0C is the total temperature at the core exit, T 0F is the total temperature at the fan exit, and T 0∞ is the total temperature of the free stream. The NAL-AERO-02-01 fan cowl and core cowl pressure coefficient results of the CFD calculation and TPS test are compared in Figure 5 . The results fit very well.
Analysis of Engine/Airframe Interaction Effects on Aerodynamic Performance
To analyze the engine/airframe interaction effects of the BWB300 on aerodynamic performance, the GEnx-1B64 engine was simplified as a powered nacelle. The aerodynamic performance of BWB300's airframe alone was also calculated for comparing with the performance of the whole model. To distinguish the 2 configurations used in this study, the airframe alone is called the clean configuration and the whole model is called the powered configuration. Two typical states were evaluated: the high-speed state at the cruise Mach number and the low-speed state at the takeoff Mach number. The computational states are shown in Table 2 . In the table, state1 is the high-speed state and its Mach number is 0.85 and state2 is the low-speed state and its Mach number is 0.2. m fi is the mass flux at the engine's fan inlet, m fe is the mass flux at the engine's fan exit, m ce is the mass flux at the engine's core exit, and T 0C and T 0F are as introduced in Table 1 . These parameters were provided by the thermomechanical analysis of the engine to ensure that the engine's thrust was equal to the cruise condition requirement at state1 and to the takeoff condition requirement at state2. 
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The CFD calculation method used to calculate the clean/ powered configuration was the same as that introduced in the last section for the single engine calculation (but because at high angles (≥11°) and low speed the flow separation caused the aerodynamic forces to oscillate, the solutions at high angles and low speed are sought using unsteady ensemble averaged RANS); the steady solution convergence criteria were also the same. But the models used to calculate the aerodynamic performance were half models for reducing the CFD calculation cost. The unsteady solutions were solved by using the dual-time stepping method; the inner iteration tolerance was 0.2%, and each cycle had 50 real-time steps. The simulation would be stopped when the periodicity was very stable; the results compared with the steady results were all time-averaged values. All solutions were computed at fullscale flight Reynolds numbers. For the clean configuration, no-slip adiabatic boundary conditions were used on all solid surfaces, a characteristic inflow and outflow boundary condition was used on the far field, and the symmetry plane was set as the symmetry boundary. For the powered configuration, except for these boundary conditions, the engine fan and core exits and fan inlet boundary need to be added. The fan and core exit boundary conditions were also the mass flow rate and stagnation temperature inflows, and the fan inlet boundary condition was also the mass flow rate outflow. To ensure that the results of the numerical solutions are reliable, the grid convergence study for the powered configuration was carried out.
3.1. Grid Convergence Study. The grids used for CFD calculations were multiblock O-H structure grids. Five levels of grids were generated with a far field extent of approximately 10 times the BWB300 body length. The total volume cell N growth ratio between two adjacent grids is about 1.5, and the corresponding node growth ratio along each direction between two adjacent grids is about 1 5 3 . G1 is the coarsest grid level, G2 is the second coarsest grid level, etc. The detail information on the five levels of grids is as shown in Table 3 . (The grid y + value equal to 1 for the BWB300 cruise condition is about 2E − 04 m.) The closeup view of the engine grids for the powered configuration of G1, G3, and G5 is displayed representatively in Figure 6 .
The aerodynamic force coefficients for the powered configurations of the five levels of grids at 1.5°(high speed) and 5°(low speed) are shown, respectively, in 3 International Journal of Aerospace Engineering the powered configurations of the five levels of grids on the engine symmetry plane at 1.5°(high speed) and 5°(low speed) is shown in Figure 9 . The C L represents the lift coefficient, C D represents the drag coefficient, C M represents the pitch moment coefficient, alpha represents the angle of attack, and C P represents the pressure coefficient. From these figures, it could be seen that with the grid refinement, the aerodynamic and pressure coefficients did not change much, especially from G4 to G5, where the results changed very little (all the differences of aerodynamic coefficients between G4 and G5 at high speed are less than 0.2%; at low speed, they are a little larger (the C L and C M differences between G4 and G5 are less than 1%, and the C D difference between G4 and G5 are about 1%) but also acceptable). So the G4 grid could be considered reliable, and the following analysis was based on the calculation results of the G4 grid.
Engine Installation Effects on the Aerodynamic
Performance of the Airframe. The engine/airframe interaction effects were divided into 2 parts: the engine installation effects on the aerodynamic performance of the airframe and the airframe effects on the inflow of the engine. These are discussed in the following subsections. The engine installation effects on the aerodynamic performance of the airframe are first analyzed from the aerodynamic forces of the clean and powered configurations.
Forces of the Airframe. The aerodynamic force coefficients of the clean configuration and powered configuration are compared in Figure 10 . To compare the aerodynamic force effects clearly, the aerodynamic force coefficients were based ocnly on the airframe and the forces of the powered configuration's nacelle and pylon were not added in. The K represents the lift-to-drag ratio.
From the lift curve in Figure 10 , it can be seen that at high speed, the lift of the powered configuration was first smaller than that of the clean configuration; however, as the attack angle increased, the difference reduced. After the attack angle of 7°, the lift of the powered configuration started to become bigger than that of the clean configuration, and both configurations stalled at 9°. The drag of the 2 configurations was very close, and the drag of the powered configuration was first smaller than and then bigger than that of the clean configuration as the attack angle increased. Both configurations reached the maximum K at the cruise attack angle of 1.5°, and the maximum K value of powered configuration is bigger. This is nice for the 5 International Journal of Aerospace Engineering airframe aerodynamic performance. However, the pitch moment trends were different. The pitch moment of the powered configuration was always smaller than that of the clean configuration, and the difference first increased and then decreased with increasing attack angle.
The aerodynamic force coefficient of the clean and powered configurations at low speed is compared in Figure 11 . At low speed, the difference between aerodynamic forces of 2 configurations was bigger than that at high speed. Furthermore, the lift and drag of the powered configuration were nearly always bigger than those of the clean 7 International Journal of Aerospace Engineering configuration. At the lift curve's linear segment, the difference between the lifts of the two configurations was basically constant. However, the power configuration's lift curve then flattened at 11°, and then it increased again while the clean configuration's lift reduced at 15°. The difference between the drag of the 2 configurations always increased with increasing attack angle. Lastly, the pitch moment of the 2 configurations was nearly all the same except at the high attack angle.
The differences between aerodynamic forces resulted from the differences between the surface flows of the 2 configurations. From the above analysis, it was seen that at high speed, the differences in aerodynamic forces were small, but at low speed, the differences were bigger especially at high attack angles above 11°. The reason for these differences is that the airframe's upper surface flow changed due to the engine installation effects.
Engine Installation Effects at High Speed on
Aerodynamic Performance of the Airframe. The cruise state at high speed was analyzed in detail to see the surface flow difference. The upper surface flow pressure contour and the streamlines at the cruise state of the 2 configurations are shown in Figure 12 . It can be seen that because of the engine installation, the position of shock waves on the upper surface moved forward and the shock wave strength changed. Figure 13 shows the Mach number contour on the symmetry plane of the whole model (2 engine configurations). The engine installation not only changed the shock wave strength but there were also weak shock waves on the engine upper and lower surfaces. Moreover, the flow velocity was slower near the engine inlet and behind the pylon. The fan outlet flow velocity was very high and existed for a long distance.
The inflow and outflow streamlines of the engine are shown in Figure 14 . It can be seen that the velocity of the flow at the front of the engine was decreased and the outflow of the fan exit first accelerated and then decreased. The streamlines were not very close to the airframe's upper surface and did not directly affect the surface flow. Figure 15 shows the inflow streamlines of the engine on its symmetry plane. It can be seen that the airflow was expanded a little at the engine inlet. Furthermore, the shock wave on the engine's lower surface was very close to the airframe's upper surface and may have affected the airframe's upper surface. Figure 16 shows the pressure distribution of the airframe on the engine's symmetry plane. It can be clearly seen that because of the engine's installation near the engine, the upper surface pressure distribution changed greatly. The shock wave position on the upper surface moved forward to the 60% local chord, and its strength was reduced. After the shock wave, the surface flow velocity was first reduced and then accelerated to the front of the engine inlet. Then, the surface flow velocity was reduced again by an extra weak shock wave. Behind the engine, although the engine outflow velocity was very high, because of the existence of the engine, the flow of the powered configuration was slower than that of the clean configuration.
The pressure distributions at different spanwise positions are shown in Figure 17 . It can be seen that the difference between the shock wave positions at the flow directions of the 2 configurations reached a maximum at the blended area. Moreover, at the sections near the wingtip, this difference became very small.
From the above analysis, we found that although at the cruise state the engine installation effects on the aerodynamic forces were small, the retardative effects caused by the existence of the engine mostly making the airframe's upper surface flow were greatly changed, while the engine inflow and outflow effects were not obviously. To be more specific, at the cruise state, the engine installation effects on the surface flow were as follows:
(1) The engine installation reduced the airframe's upper surface shock wave, moved the shock wave's position forward, and produced an extra shock wave (2) Along the flow direction, the areas affected by the engine installation were concentrated near the shock wave; outside this area, there was nearly no effect (3) Along the spanwise direction, the engine installation's effect on the center body and blending area was significant. As the distance to the engine increased, the effect on the wing decreased. Near the wingtip, there was nearly no effect Figure 18 . It can be seen that because of the existence of the engine, the surface flow streamlines in front of and behind the engine converged. Figure 19 shows the Mach number contour on the symmetry plane of the airplane. It can be seen from the figure that the engine inlet seemed to suck in all the upper surface's flow at its front. Figure 20 shows the inflow and outflow streamlines of the engine, and Figure 21 shows the inflow streamlines of the engine on its symmetry plane. It can be clearly seen from the figures that the inflow was 9 International Journal of Aerospace Engineering accelerated and converged at the engine inlet. Though the inflow streamlines are not directly from the airframe upper surface, they are closer than at high speed. Therefore, the engine inflow effects at low speed should be bigger than those at high speed. Figure 22 shows the pressure distribution of the airframe on the engine's symmetry plane. It can be clearly seen that, because of the engine's installation, the upper surface pressure distribution was nearly all changed. The surface flow at the front of the engine was accelerated compared to that in the clean configuration because of the engine sucking in air. This is the main reason why the lift and drag forces of the powered configuration were bigger than those of the clean configuration. Additionally, the surface flow behind the engine was also slower than that in the clean configuration.
From Section 3.2.1, it is clear that there was a greater obvious difference between the aerodynamic force characteristics of the powered and clean configurations at a low speed and attack angle above 11°. The reasons for this phenomenon are analyzed below.
This great difference occurs because of the different flow separation at high angles, which also causes the flow's total pressure to be reduced. To see the flow separation changing in 3-dimensional space clearly, the pressure ratio (PR) distribution was used to analyze the flow separation. The PR is defined as the ratio of the total pressure of the local place to the total pressure of the free stream [26] . Figure 23 shows the PR distribution of the clean and powered configurations at low speed.
It can be found from Figure 23 that, because of the engine's installation, at high attack angles, the differences in surface flow separation between the clean and powered configurations are as follows:
(1) The separation area of the clean configuration was first smaller than that of the powered configuration, but it enlarges faster as the attack angle increased and became larger than that of the powered configuration at 15°. And the separation area of the clean configuration reduced obviously behind the (4) In the clean configuration, as the attack angle increased, there were more than 1 separation vortices occurring and then 2 merged vortices left from the airframe's upper surface. However, for the powered configuration, there was only 1 main vortex Therefore, because of these flow separation differences caused by the engine's installation, the aerodynamic forces of the powered and clean configurations had greater obvious differences at high angles and low speed.
3.3. Airframe Effects on the Inflow of the Engine. Because the engine was located over and after the BWB300's upper surface, its inflow was easily influenced by the flow distortion caused by the airframe. This would lead to a reduction in engine efficiency and perhaps the engine being unable to work properly. Therefore, analysis of airframe effects on the engine's inflow was very necessary. The inlet distortion at high and low speeds was analyzed to see the inflow's qualities, and the inlet distortion was evaluated by using the PR distribution. The total pressure recovery coefficient σ was defined as σ = P 0CA /P 0∞ . The P 0CA is the average total pressure at the fan inlet, and P 0∞ is the total pressure of the freedom flow.
3.3.1. Inlet Distortion at High Speed. The inlet distortion at different attack angles at high speed before stalling is shown in Figure 24 . It can be seen that at high speed before stalling, the pressure distribution at the fan inlet was very uniform and there was no inlet distortion. Moreover, the σ of these states were all above 0.99, indicating that the inlet efficiencies of these states were all very high and satisfied the design requirements. The inlet streamlines of all these states were similar those at the cruise state, which are shown in Figure 25 . Although the streamlines were influenced by the airframe to deflect near the blended area, the streamlines did not experience distortion and flowed into the fan inlet uniformly. Thus, at high speed before stalling, the engine inflow was not affected by the airframe and the engine had good efficiency.
3.3.2. Inlet Distortion at Low Speed. The inlet distortion of different attack angles at low speed is shown in Figure 26 . It can be seen that at small angles (≤7°), there was also no inlet distortion. Furthermore, the σ of these states were all above 0.989, indicating that the inlet efficiencies of these states were also very good. Therefore, at small angles and low speed, the 
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International Journal of Aerospace Engineering airframe did not affect the engine inflow and the engine also had good efficiency. However, as the angle increased from 11°, there was obvious distortion occurring at the engine's fan inlet. The lowpressure area first occurred at the fan inlet's bottom right, and then with the increasing angle, it gradually enlarged at both sides.
To compare with these results, the inlet distortions of the engine alone at these high attack angles (and at low speed) were also calculated. The calculating condition was the same as for the whole airplane. These results are shown in Figure 27 . The σ at these states are compared in Figure 28 .
It can be seen from Figure 28 that before the flow separation, the value of σ was almost the same at the inlet of the BWB300 and its engine alone. However, as the angle increased, the engine-alone value of σ was nearly unchanged while that of the BWB300 decreased. Therefore, with an increasing angle, the effect of the airframe on the engine became more and more serious.
The effect of the airframe on the engine can also be seen from the inlet flow streamlines. The inflow streamlines of the BWB300 at 13°are shown in Figure 29 . At a high angle, the separated flow caused by the blended area was sucked into the engine's inlet, thus causing a low-pressure area. Then, the flow separation area enlarged as the angle increased, enlarging the low-pressure area at the fan inlet. This seriously affects the engine's inflow characteristics.
Conclusion
Engine/airframe interaction effects of the BWB300 on aerodynamic performances were analyzed in this paper using CFD. The results were as follows:
(1) At high speed, the engine installation effects on the aerodynamic forces of the airframe were small; at low speed, the effects were bigger. At low speed, the lift and drag forces of the powered configuration were nearly all larger than those of the clean configuration and the differences of the 2 configurations were obviously greater at high angles (2) Although at high speed the engine installation effects on the aerodynamic forces of the airframe were small, the upper surface flow was greatly changed. It is mostly because of the retardative effects caused by the existence of the engine. The engine inflow and outflow effects are not obviously (3) At low speed, the engine sucking in air caused the lift and drag forces of the powered configuration to be bigger than those of the clean configuration. And the engine's installation resulting in the different development of flow separation at the airframe's upper surface caused greater obvious differences between the 2 configurations at high angles and low speed 13 International Journal of Aerospace Engineering (4) At high speed before stalling, the engine inflow was not affected by the airframe and the engine had good efficiency. This was also seen at small angles and low speed (5) At large angles and low speed, the separate flow caused by the blended area was sucked into the engine's inlet, causing a low-pressure area at the fan inlet. As the angle increased, the flow separation area enlarged, thus enlarging the low-pressure area at the fan inlet. This seriously affected the engine's inlet flow characteristics
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